p-Coumaroyl ester 3-hydroxylase (C3 0 H) is a key enzyme involved in the biosynthesis of lignin, a phenylpropanoid polymer that is the major constituent of secondary cell walls in vascular plants. Although the crucial role of C3 0 H in lignification and its manipulation to upgrade lignocellulose have been investigated in eudicots, limited information is available in monocotyledonous grass species, despite their potential as biomass feedstocks. Here we address the pronounced impacts of C3 0 H deficiency on the structure and properties of grass cell walls. C3 0 H-knockdown lines generated via RNA interference (RNAi)-mediated gene silencing, with about 0.5% of the residual expression levels, reached maturity and set seeds. In contrast, C3 0 H-knockout rice mutants generated via CRISPR/Cas9-mediated mutagenesis were severely dwarfed and sterile. Cell wall analysis of the mature C3 0 H-knockdown RNAi lines revealed that their lignins were largely enriched in p-hydroxyphenyl (H) units while being substantially reduced in the normally dominant guaiacyl (G) and syringyl (S) units. Interestingly, however, the enrichment of H units was limited to within the non-acylated lignin units, with grass-specific c-p-coumaroylated lignin units remaining apparently unchanged. Suppression of C3 0 H also resulted in relative augmentation in tricin residues in lignin as well as a substantial reduction in wall cross-linking ferulates. Collectively, our data demonstrate that C3 0 H expression is an important determinant not only of lignin content and composition but also of the degree of cell wall cross-linking. We also demonstrated that C3 0 H-suppressed rice displays enhanced biomass saccharification.
INTRODUCTION
Lignocellulose is a complex bio-composite found in the secondary cell walls in vascular plants. Lignin, a phenylpropanoid polymer accounting for 15-30% by weight of lignocellulose, encrusts cell wall polysaccharides, i.e. cellulose and hemicelluloses, and confers upon them increased mechanical strength, imperviousness and resistance to pathogens. Lignin has long been a major target in plant bioengineering studies because it negatively affects the applications of biomass polysaccharides, such as chemical pulping and bioethanol production. Accordingly, genetic strategies to reduce lignin content and/or alter lignin substructures to alleviate the polymer's recalcitrant properties have long been pursued (Boerjan et al., 2003; Umezawa, 2010; Bonawitz and Chapple, 2013) . More recently, bioengineering approaches to recover and convert lignins into value-added aromatic materials or energy-rich solid biofuels have become an important focus of research in light of the biorefinery concept (Ragauskas et al., 2014; Rinaldi et al., 2016; Umezawa, 2018) .
Grasses are a prominent plant group among the variety of biomass feedstocks and show great potential as a lignocellulosic biomass resource. Grass grain crops, including rice, wheat, maize and sorghum, annually produce huge amounts of lignocellulose as agricultural waste. In addition, grass biomass crops such as Erianthus, Miscanthus, switchgrass and bamboos, have attracted considerable attention as potent sources of lignocellulosic biomass due to their superior characteristics as biomass feedstocks: grass biomass typically shows much higher lignocellulose productivity as well as better processability than softwood and hardwood biomass (Somerville et al., 2010; Tye et al., 2016; Umezawa, 2018) . To establish a cost-effective biorefinery system, molecular breeding approaches to further improve lignocellulose productivity and utilization characteristics in grass species are desired (Somerville et al., 2010; Cesarino et al., 2016; Bhatia et al., 2017) . However, the majority of the genetic studies associated with the development and bioengineering of lignocellulose have traditionally targeted model eudicots such as Arabidopsis and poplar, and our knowledge of manipulating lignocellulose in monocotyledonous grass species remains limited (Hatfield et al., 2017) . In this context, we have been studying the biosynthesis and bioengineering of grass lignin in rice, one of the major model grasses and a commercially important crop Takeda et al., 2017; Umezawa, 2018) .
Extensive structural studies have accumulated evidence that the structural organization of lignins in grasses substantially differs from that in other plant lineages (Figure 1 ). In angiosperms, i.e. in both eudicots and monocots including grasses, lignin incorporates mainly guaiacyl (G) and syringyl (S) aromatic units derived from the oxidative radical coupling of two monolignols, coniferyl and sinapyl alcohols, with typically much lower numbers of p-hydroxyphenyl (H) units from p-coumaryl alcohol; lignins from grasses tend to incorporate more H units than eudicots, albeit still at low levels (Boerjan et al., 2003; Vanholme et al., 2012a) . While sharing this typical lignin trait with eudicot lignins, grass lignins uniquely possess c-p-coumaroylated G and S units via polymerization of c-p-coumaroylated coniferyl and sinapyl alcohol conjugates (Withers et al., 2012; Marita et al., 2014; Petrik et al., 2014) . In addition, tricin, a flavonoid, has recently been identified as a common integrated component of grass and some other lignins (Lan et al., 2016a,b; Lam et al., 2017) : tricin serves as a lignin co-monomer and cross-couples with monolignols and c-p-coumaroylated monolignols upon cell wall lignification (Lan et al., 2015 (Lan et al., , 2016a . Furthermore, abundant ferulates (FAs) serve as cross-linkers between lignins and polysaccharides in grass cell walls. The majority of wall-bound FAs are esterlinked to hemicelluloses, in particular, arabinoxylans Hatfield et al., 2017) , but it was recently demonstrated that feruloylation also occurs, albeit at much lower concentrations, at the c-positions of lignin via polymerization of c-feruloylated monolignols upon lignification in grass cell walls (Karlen et al., 2016) .
The aromatic composition of lignin is a structural feature that greatly affects the usability of lignocellulosic biomass, and therefore is one of the primary targets in lignocellulose engineering studies Umezawa, 2018) . Previous studies demonstrated that up-and/or downregulation of the lignin biosynthetic genes in the cinnamate/monolignol pathway ( Figure 1 ) result in the redirection of the metabolic flux leading to different lignin monomers and the consequent production of altered lignin polymers with unit compositions substantially different from those in wild-type plants. p-Coumaroyl ester 3-hydroxylase (C3 0 H), a cytochrome P450-dependent monooxygenase classified in the CYP98 family, provides entry into the main lignin biosynthetic pathway leading to the formation of G-and S-type monolignols ( Figure 1 ) (Schoch et al., 2001; Franke et al., 2002a) . Although H units are typically minor components in most vascular plants, transgenic/mutant plants deficient in C3 0 H accumulate lignins that are abnormally enriched in H units. Strikingly, Arabidopsis mutants lacking primary C3 0 H (CYP98A3/REF8) activity produce lignins almost exclusively composed of H units (Weng et al., 2010; Bonawitz et al., 2014) . Likewise, C3 0 Hdownregulated alfalfa (Medicago sativa), poplar (Populus alba 9 grandidentata) and eucalyptus (Eucalyptus urophylla 9 grandis) produced H-rich lignins, with up to about 70%, 30% and 20% (based on NMR analysis) of H units per total lignin units, respectively (Ralph et al., 2006 Ziebell et al., 2016) . Heavily C3 0 H-suppressed eudicots typically display reduced lignin content as well as impaired growth phenotypes, often accompanied by collapsed vascular cells. One of the most well-known examples is the Arabidopsis ref8 mutant, which has a severely reduced lignin content (down to about 40% of wild-type levels) and is dwarfed and sterile (Franke et al., 2002b; Abdulrazzak et al., 2006) . Interestingly, however, simultaneous mutations of the Mediator complex subunits MED5a and MED5b rescued the lignin deficiency and stunted growth of ref8, yet the triple mutant still produced almost exclusively H lignins (Bonawitz et al., 2014) ; i.e. the growth defect was not attributable to the level of H-lignin per se. Although molecular mechanisms underlying lignin deficiency and dwarfing in C3 0 H-downregulated plants remain unclear, the above observations of Arabidopsis mutants imply that H units alone are able to comprise functional lignin polymers in cell walls.
Although the role of C3 0 H in lignification in eudicot models has been relatively well documented, our knowledge regarding the impacts of C3 0 H deficiency in monocot grass species remains limited. There has been one recent report describing the analysis of C3 0 H-downregulated maize, in which Fornal e et al. (2015) characterized maize transgenic lines deficient in one of the two maize C3 0 H genes (ZmC3H1) and demonstrated that their ZmC3H1-suppressed maize lines, with about 40% of residual ZmC3H1 expression levels, exhibited predictable increments in H lignin units, with up to about 20% (based on NMR analysis) of the total H/G/S lignin units. The ZmC3H1-suppressed maize also displayed notable shifts in the composition of other cell wall components and metabolites. The observed effects provoked by C3 0 H suppression in maize, however, were moderate overall compared with those previously reported in several eudicot species, which could be due to the residual ZmC3H1 activity and/or the existence of a secondary maize C3 0 H (ZmC3H2) potentially exhibiting a redundant function with ZmC3H1 (Fornal e et al., 2015) . In this study, we address the pronounced impacts of C3 0 H deficiency on plant development as well as on the structure and properties of grass cell walls by means of an analysis of transgenic rice plants. We first generated transgenic rice in which the expression of the single rice C3 0 H has been suppressed to as low as 0.5% of wild-type levels using an RNA interference (RNAi) approach, and demonstrated that it developed morphologically sound lignified cell walls without displaying severely impaired plant growth under the employed conditions. In parallel, we generated and characterized rice mutants that harbor frameshift mutations in the C3 0 H gene via the CRISPR/Cas9 [clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)] genome editing system. In contrast to the RNAi-derived C3 0 H-knockdown (KD) rice, the CRISPR/Cas9-derived C3 0 H-knockout (KO) rice showed severely impaired plant growth and arrested development in the early stage of vegetative growth. We then subjected the mature C3 0 H-KD rice to in-depth cell wall structural analysis using various wet- wall components, are substantially different in grasses from those previously reported in eudicots. In addition, we demonstrated that such structural alterations in grass cell walls resulted in potentially useful enhancements in biomass saccharification.
RESULTS
Sequence and gene expression analysis of rice C3 0 H
The rice genome encodes only one functional C3 0 H protein classified in the CYP98 family, namely CYP98A4. Rice also contains a pseudogene, CYP98A15PX, which lacks a large part of the CYP conserved motifs ( Figure S1 in the online Supporting Information). Phylogenetic analysis revealed that CYP98A4 forms a cluster with putative/known grass C3 0 H proteins such as those in wheat (Morant et al., 2006) , switchgrass (Escamilla-Treviño et al., 2014) and maize (Fornal e et al., 2015) , and this clade was clearly separated from a eudicot C3 0 H clade including previously characterized C3 0 Hs in Arabidopsis (Franke et al., 2002b; Abdulrazzak et al., 2006; Bonawitz et al., 2014) , alfalfa (Reddy et al., 2005; Ralph et al., 2006) , poplar (Coleman et al., 2008; Ralph et al., 2012) and eucalyptus (Sykes et al., 2015; Ziebell et al., 2016) ( Figure S2 ). In addition, in silico gene expression analysis using a public microarray database (Sato et al., 2013) suggested that CYP98A4 is highly expressed in root and culm at reproductive and ripening stages, where and when lignification is typically occurring, as with the other putative/known lignin biosynthetic genes including Os4CL3 (Gui et al., 2011) , OsCAld5H1/F5H1 , OsCAldOMT1/COMT1 (Koshiba et al., 2013b) and OsCAD2/GH2 (Zhang et al., 2006; Koshiba et al., 2013a ) ( Figure S3 ). Collectively, these data support the notion that CYP98A4 is a major C3 0 H involved in lignification in rice. Hereafter, we referred to CYP98A4 as OsC3 0 H1. In addition, we generated OsC3 0 H1-KO mutants via CRISPR/Cas9-mediated mutagenesis. Two CRISPR/Cas9 expression binary vectors which harbor single-guide RNAs (sgRNAs) targeting the first exon of OsC3 0 H1 (Figure 2c) and Cas9 were transformed into wild-type rice plants (Mikami et al., 2015 Figure 2d , Table S2 ), were isolated from T 2 progenies of the self-fertilized T 1 heterozygotes and then grown under aseptic conditions for phenotypic characterization; no off-target events were detected on putative offtarget sites predicted by CRISPR-P (Lei et al., 2014) for either the OsC3 0 H1-KO-a or the OsC3 0 H1-KO-b line (Table S3) . It was clearly observed that all OsC3 0 H1-KO homozygotes identified in this study showed severely stunted growth with notably inhibited root elongation, short/small internodes and leaves, and arrested development typically at the four to five leaf stage ( Figure 2d ). Hence, complete abolition of OsC3 0 H1 activity is probably responsible for the observed arrested seedling development and subsequent death.
Chemical analysis of OsC3
0 H1-KD rice cell walls
To determine how OsC3 0 H1 suppression affects the cell wall chemotype, we performed a series of chemical analyses on the extractive-free cell wall residue (CWR) samples prepared from RNAi-derived OsC3 0 H1-KD transgenic (T 1 generations) and wild-type plants; all the tested plants were grown under identical conditions in a greenhouse. The lignin content was evaluated by the Klason lignin assay (Hatfield et al., 1994) as well as the thioglycolic acid assay (Suzuki et al., 2009 ). In addition, we performed thioacidolysis (Lapierre et al., 1986; Yamamura et al., 2012) and derivatization followed by reductive cleavage (DFRC) methods Ralph, 1997, 1999; Ralph and Lu, 1998; Smith et al., 2017) . Thioacidolysis quantifies H-, G-and S-type monomeric degradation products (H thio , G thio and S thio ) released via cleavage of both c-free and ( Ralph, 1997, 1999; Smith et al., 2017) , along with its modification, DFRC-Pr (Ralph and Lu, 1998; Karlen et al., 2017) , cleaves b-O-4 ether bonds without disrupting any c-ester linkages present and consequently releases quantifiable amounts of acylated degradation products (H DFRC-pCA , G DFRC-Ac , H DFRC-FA , G DFRC-pCA , G DFRC-Ac , G DFRC-FA , S DFRC-pCA , S DFRC-Ac and S DFRC-FA ) from c-acylated units along with non-acylated products (H DFRC-OH , G DFRC-OH and S DFRC-OH ) from c-OH units ( Figure 3 ). We also quantified wall-bound pCA and FA via saponification (Yamamura et al., 2011; Petrik et al., 2014) as well as cell wall polysaccharide units via a combination of trifluoroacetic acid (TFA) and sulfuric acid-catalyzed hydrolysis (Chen et al., 2012; Lam et al., 2017) .
Lignin content. The Klason lignin assay determined the apparent total lignin content in OsC3 0 H1-KD cell walls to be about 70% of wild-type levels in culm but no major differences were observed between the OsC3 0 H1-KD and wildtype cell walls in leaf sheath and leaf blade ( Figure 4a , Table S5 ). However, in contrast, the thioglycolic acid assay determined the apparent lignin contents in OsC3 0 H1-KD cell walls to be slightly increased compared with those in wild-type cell walls in all the tissues examined (Table S5) . On the other hand, total yields of the degradation products Length from the cotyledonary node to the tip of the top leaf. released and quantified by thioacidolysis and DFRC were both substantially decreased to about 50% of wild-type levels in all the OsC3 0 H1-KD tissue samples tested ( Table 2 ), suggesting that b-O-4-linked H/G/S lignin fractions were considerably depleted in OsC3 0 H1-KD cell walls.
Lignin monomer composition. As envisioned, thioacidolysis and DFRC demonstrated that b-O-4-linked H lignin units were largely augmented in all the examined tissues of OsC3 0 H1-KD plants. By thioacidolysis, H-lignin-derived H thio products showed a significant increase in OsC3 0 H1-KD cell walls compared with those in wild-type cell walls (Table 2 ). In line with this, H-lignin-derived DFRC products (H DFRC-total ) released from OsC3 0 H1-KD cell walls were also much higher than those released from wild-type cell walls (Table 2) . Such remarkable increases in b-O-4-linked H lignins strongly support our contention that OsC3 0 H1 is active and essential to the cinnamate/monolignol pathway that leads to a dominance of G and S lignins in wild-type rice.
The DFRC method additionally provided important information regarding the c-acylation state of lignins of OsC3 0 H1-KD plants. Wild-type cell walls released considerable amounts of c-p-coumaroylated G and S products (G DFRC-pCA and S DFRC-pCA ) at a mol/mol ratio of about 10:90, along with trace amounts of c-p-coumaroylated H products (H DFRC-pCA ) from culm and leaf sheath tissues (Table 2 , Figures 3 and S4 ). It was found that H-lignin-derived DFRC products released from OsC3 0 H1-KD cell walls mostly retained their non-acylated H DFRC-OH forms (Table 2) . We also observed a significant increase in the molar yield of c-p-coumaroylated H DFRC-pCA , although the levels remained very low (Table 2, Figure S4 ). Meanwhile, whereas the released non-acylated G and S products (G DFRC-OH and S DFRC-OH ) were both drastically reduced, we detected smaller reductions (or even small increases) in the molar yield of c-p-coumaroylated G and S products (G DFRC-pCA and S DFRC-pCA ) for OsC3 0 H1-KD cell walls compared with wildtype cell walls (Table 2) . Compositionally, G DFRC-pCA and S DFRC-pCA units released from OsC3 0 H1-KD cell walls were significantly increased compared with the ratios observed for wild-type cell walls (Table S4) . Taken together, our data suggest that augmentation of b-O-4-linked H lignin in our OsC3 0 H1-KD rice was preferentially at the expense of nonacylated G and S units while leaving c-p-coumaroylated G and S units fairly abundant given the depletion of their monomer pools.
The c-acetylated DFRC products were also detected but in much smaller proportions than those of the c-p-coumaroylated DFRC products: c-acetylated H and G products, H DFRC-Ac and G DFRC-Ac , accounted for 6-12% and 3-5%, respectively, of the total H-and G-lignin-derived DFRC products H DFRC-total and G DFRC-total , and no c-acetylated S products (S DFRC-Ac ) were detectable in any of the rice tissue samples examined in this study (Table S4 ). The proportions of c-acetylated H products relatively increased in OsC3 0 H1-KD tissues, whereas c-acetylated G units were not significantly affected, compared with wild-type cell walls (Table S4 ). With wild-type cell walls DFRC additionally released very low but detectable amounts of G-and S-type c-feruloylated products (G DFRC-FA and S DFRC-FA ) (Table 2, Figure 3 ). This affirms the existence of c-feruloylated G and S lignins in rice as recently reported in a variety of grass species (Karlen et al., 2016) . In contrast, both G DFRC-FA and S DFRC-FA appeared to be diminished to undetectable levels in all the examined samples of OsC3 0 H1-KD plants (Table 2 H DFRC-FA (Figure 3 ) was undetectable in wild-type and even in OsC3 0 H1-KD cell walls (Table 2) .
Wall-bound p-hydroxycinnamates and polysaccharides. The levels of alkaline-releasable pCA in culm and leaf sheath cell walls were similar overall between OsC3 0 H1-KD and wildtype plants but somehow increased in leaf blades from OsC3 0 H1-KD plants (Figure 4b ). In contrast, alkaline-releasable FA levels were substantially reduced to about 25% of wild-type levels in OsC3 0 H1-KD cell walls (Figure 4c ). Given that the degree of reduction of FA in OsC3 0 H1-KD plants estimated by saponification (Figure 4c ) was much higher than that of FA residues in lignin determined by DFRC analysis (Table S4 ), our data suggest that not only the lignin-integrated FA detected by DFRC but also the arabinoxylan-bound FA residues are substantially reduced in OsC3 0 H1-KD cell walls. Such reductions in wall-bound FAs strongly suggest that OsC3 0 H1 activity is required not only for the generation of G-and S-type monolignols but also for FAs attached to lignins and hemicelluloses in rice cell walls.
We also analyzed the distribution of cellulosic and hemicellulosic glycans using a two-step acid-catalyzed hydrolysis method (Chen et al., 2012; Lam et al., 2017) . It was confirmed that, as is typical in other grasses, both OsC3 0 H1-KD and wild-type cell walls were composed mainly of crystalline cellulose and amorphous arabinoxylans. Both cellulosic and hemicellulosic sugars were both mildly augmented in OsC3 0 H1-KD cell walls compared with their levels in wild-type cell walls (Table S5) . (Kim and Ralph, 2010; Mansfield et al., 2012) . For a more in-depth analysis of lignins we Values are means AE standard deviation (SD) from individually analyzed cell wall samples (n = 3). Asterisks (*) indicate significant differences from WT plants (Student's t-test, P < 0.01). Table 2 Yields of thioacidolysis and derivatization followed by reductive cleavage (DFRC) monomers released from three organs from wild-type (WT) and OsC3 also analyzed lignin-enriched cell walls prepared from CWRs via enzymatic removal of cell wall polysaccharides .
Two-dimensional NMR analysis on
Aromatic region: H/G/S lignin units, tricin and wall-bound p-hydroxycinnamates. The aromatic regions of the HSQC spectra of wild-type culm cell walls displayed intense aromatic signals from both c-free and c-acylated G and S lignin units as well as those from H units at much lower levels (Figure 5a,b) . Volume integrations of well-resolved signals appearing in lignin-enriched cell wall spectra allowed us to estimate values of approximately 8%, 55% and 37%, respectively, for the quantity of H, G and S units per total H/G/S lignin units (½H 2/6 + G 2 + ½S 2/6 = 100%). In line with our thioacidolysis observation and DFRC analysis (Table 2) , H lignin signals were elevated by up to about 64% in OsC3 0 H1-KD cell wall spectra, further establishing the strong augmentation in H lignins in OsC3 0 H1-KD plants.
Along with the signals from H/G/S lignin units, sets of the signals from pCA and tricin residues, both characteristic of grass lignins, were clearly visible (Figure 5a,b) . Based on volume integrations, pCA contour signals appeared to be elevated relative to the total of H/G/S lignin signals in the OsC3 0 H1-KD cell wall spectra, which supports our DFRC observations where the proportions of the total c-p-coumaroylated products were relatively increased (Table S4 ). In addition, T contour signals were also largely elevated in the OsC3 0 H1-KD cell wall spectra, suggesting that ligninintegrated T residues are enriched in OsC3 0 H1-KD cell walls.
The whole cell wall spectra of wild-type cell walls additionally displayed signals derived from wall-bound FAs; because FAs are mostly attached on arabinoxylans, FA contour signals were reasonably depleted in the spectra of lignin-enriched cell walls where most of the polysaccharides had been removed by enzymatic digestion (Figure 5b) . However, FA contour signals were also found to be considerably depleted in the spectra of non-digested OsC3 0 H1-KD rice cell walls, in line with our DFRC (Table 2 ) and saponification (Figure 4c ) data described above, further affirming that wall-bound FAs were substantially depleted in OsC3 0 H1-KD cell walls. (Ralph et al., 2006; Bonawitz et al., 2014) , the possible reasons for which are discussed later.
Enzymatic saccharification of OsC3
0 H1-KD rice cell walls Lastly, to determine the effects of OsC3 0 H1 suppression on biomass utilization we evaluated the enzymatic saccharification efficiency of CWRs from wild-type and OsC3 0 H1-KD cell walls. Cell walls were hydrolyzed using a cocktail of commercially available cellulolytic enzymes , and the released glucose was periodically quantified to obtain the time-course profiles for cell wall saccharification. Consequently, it was clearly demonstrated that all the OsC3 0 H1-KD cell walls displayed significantly enhanced saccharification efficiency (Figures 4d,e and S5 ). The enhancement was 24-46% when expressed as glucose yield per CWR and 21-41% when expressed as glucose yield per total glucan. Thus, a partial suppression of C3 0 H can be beneficial for the production of fermentable sugars from grass lignocellulose.
DISCUSSION
This study has demonstrated that OsC3 0 H1, the sole functional C3 0 H gene in rice, has a crucial role in plant growth and development and also in determining lignin content and composition as well as the level of grass-specific wall cross-linking FAs in rice cell walls. Genetic disruption of lignin biosynthesis often results in stunted growth and various developmental abnormalities. The mechanisms underlying the dwarfism in lignin-altered transgenics and mutants remain poorly understood; lignin deficiency, altered profiles of non-lignin phenylpropanoid metabolites and/or unknown pathway(s) triggered by loss of cell wall integrity might be associated with the phenomenon (Bonawitz and Chapple, 2013; Bonawitz et al., 2014) . Similarly to the well-characterized phenotype of C3 0 H-deficient Arabidopsis mutants (Franke et al., 2002b; Reddy et al., 2005; Abdulrazzak et al., 2006; Bonawitz et al., 2014) , our CRISPR/Cas9-derived C3 0 H-KO rice mutants showed a severe dwarf phenotype and arrested development in the early stage of vegetative growth, indicating that C3 0 H activity is crucially important for plant growth and development not only in Arabidopsis (a eudicot) but also in rice (a grass). A recent study showed that the growth penalty of C3 0 H-deficient Arabidopsis ref8 mutant could be rescued to near wild-type levels by simultaneously disrupting the Mediator complex subunits MED5a and MED5b (Bonawitz et al., 2014) . Further rigorous genetic and transgenic studies are needed to determine whether or not such a Mediator-associated transcriptional process is conserved and likewise responsible for the dwarfing of our C3 0 H-KO rice. Interestingly, our RNAi-derived C3 0 H-KD rice with only about 0.5% of residual expression levels showed relatively normal growth, suggesting that a small amount of C3 0 H transcript is sufficient to avoid the stunted growth observed in CRISPR/Cas9-derived C3 0 H-KO rice. As further discussed below, the RNAi-derived C3 0 H-KD rice nevertheless displayed substantially altered cell wall and lignin chemical profiles. Although we failed to obtain reliable cell wall structural data for the severely dwarfed C3 0 H-KO rice due to limited availability of its cell wall materials, our data presented in this study suggest that, as has been reported in Arabidopsis (Bonawitz et al., 2014) , the altered cell wall chemical profiles are unlikely to be the direct cause of the impaired plant fitness associated with C3 0 H deficiency in rice.
C3
0 H-downregulated rice produces lignins enriched in H,
p-coumarate and T units
That our RNAi-derived OsC3 0 H1-KD rice exhibited nearly normal plant growth prompted us to use it for investigating the impacts of C3 0 H deficiency on the cell wall chemotype. C3 0 H deficiency caused lignin reductions in all species tested so far (Franke et al., 2002b; Reddy et al., 2005; Abdulrazzak et al., 2006; Ralph et al., 2006 Ralph et al., , 2012 Coleman et al., 2008; Bonawitz et al., 2014; Fornal e et al., 2015; Sykes et al., 2015; Ziebell et al., 2016) . Possibly, cell wall lignin content in the culm of our C3 0 H-KD rice might be likewise reduced as determined by the Klason lignin 6.5 7.0 7.5 6.5 7.0 7.5 6.5 7.0 7.5 6.5 7.0 7.5 6.5 3.5 5.5 4.5 3.5 5.5 4.5 3.5 Figure 5 . Aromatic (a, b) and aliphatic (c) sub-regions of short-range 1 H-13 C correlation (HSQC) NMR spectra of ball-milled whole cell walls (a) and ligninenriched cell walls (b, c) from culm tissues of wild-type (WT) and OsC3 0 H1-knockdown (OsC3 0 H1-KD-a and OsC3 0 H1-KD-b) rice plants. Volume integrals are given for the lignin aromatic and substructure units that are color coded to match their assignments in the spectrum and expressed as percentages of the total of syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) aromatic units and the total of I, I 0 , II, II 0 , III and III 0 side-chain structures, respectively. T, tricin; FA, ferulate; pCA, p-coumarate.
assay (Figure 4a , Table S5 ), as also corroborated by thioacidolysis and DFRC chemical degradation methods (Table 2) . Data on lignin content obtained by the colorimetry-based thioglycolic acid assay, however, determined a slight increase in culm of the C3 0 H-KD rice (Table S5 ). In addition, we observed no major changes or significant increase in lignin content based on Klason and thioglycolic acid lignin assays in leaf sheath and leaf blade tissues of C3 0 H-KD rice (Figure 4a , Table S5 ), whereas total yields of lignin monomeric degradation products derived from thioacidolysis and DFRC were significantly reduced in the same tissue samples ( Table 2 ). The actual reasons for the discrepancy between the results of the two popular lignin assays, i.e. Klason and thioglycolic acid lignin assays, and also the chemical lignin degradation assays, i.e. thioacidolysis and DFRC, are unknown but might be, at least partially, associated with the substantially altered lignin structure in our C3 0 H-KD rice; in fact, the accuracy of any lignin assay becomes uncertain when the lignin structure is drastically changed (Hatfield and Fukushima, 2005; Zhao et al., 2013) .
As envisioned, downregulation of C3 0 H resulted in the production of lignins largely enriched in H units. Both thioacidolysis and DFRC estimated H lignin levels in the C3 0 H-KD culm cell walls to be about 40% (Table S4) , whereas those estimated by NMR were about 65% (Figure 5b) . The deviations between the two chemical assays and NMR could be mainly due to the fact that the former measure only the distributions in the monomers partially released from the lignin polymer associated with b-ether units (Figure 3 ) whereas the latter estimates the overall distributions in the entire polymer (Ralph et al., 2006) . Complicating the issue, however, is that H units are more heavily involved as terminal units (Lapierre, 2010) that become over-represented in NMR spectra . The augmented H levels in our C3 0 H-KD rice with residual C3 0 H expression levels of less than 3% were much greater than the values previously reported in maize with residual C3 0 H expression levels of about 40% (Fornal e et al., 2015) , and comparable to those reported in alfalfa with residual C3 0 H expression levels of about 5% (Ralph et al., 2006) . Levels of pCA on lignin were also significantly elevated (Figure 5b) . Our NMR data also suggested that T residues in lignin were augmented in C3 0 H-KD rice (Figure 5b ), which can be attributed at least in part to the redirection of carbon flux from the cinnamate/monolignol pathway to the flavonoidspecific pathway, diverging from the common p-coumaroyl-CoA (pCA-CoA) intermediate, leading to the supply of tricin as a lignin monomer (Figure 1) . Similarly, plants disrupted in the early steps in the cinnamate/monolignol pathway occasionally display over-accumulation of flavonoids along with depletions in the amount of monolignol-derived lignin units (Hoffmann et al., 2004; Abdulrazzak et al., 2006; Vanholme et al., 2012b; Fornal e et al., 2015) .
Previous NMR studies on H-enriched lignins in Arabidopsis (Bonawitz et al., 2014) and alfalfa (Ralph et al., 2006) have suggested that an augmentation in H units typically results in notable reduction in the relative levels of b-ether units along with an increase in phenylcoumarans (b-5) and biphenyl (5-5) units in the lignin polymers. In contrast, our C3 0 H-KD rice lignins displayed no significant differences from wild-type lignins in terms of the intermonomeric linkage distributions: b-O-4 linkages still predominate and there is no observable increase in b-5 and 5-5 linkages (Figure 5c ). It is reminiscent of the observations previously made for C3 0 H-downregulated poplar, in which the distribution of inter-monomeric linkages was hardly affected even with substantially augmented H levels . The discrepancy could be at least partly attributed to the fact that the enriched H units in poplar and in our rice reported here were both generated primarily at the expense of G units rather than S units, whereas H-enriched lignins in C3 0 Hdownregulated Arabidopsis (Bonawitz et al., 2014) and alfalfa (Ralph et al., 2006) were primarily produced at the expense of S units. The coupling preference of H units in lignin polymerization is substantially different from that of S units but relatively similar to that of G units: both H and G units can couple via b-5 (from monomer-monomer and monomer-oligomer reactions) and 5-5 (from oligomer-oligomer reactions) coupling modes whereas S units cannot (Ralph et al., 2004) . In addition, large proportions of b-O-4 linkages observed in our C3 0 H-KD rice lignins might be also associated with the polymerization characteristics of the augmented T units (Figure 5b ), as it has been established that tricin incorporates into lignin polymers exclusively via 4 0 -O-b coupling upon lignification in grass cell walls (Lan et al., 2015) .
Enrichment of H lignins upon C3
0 H downregulation is likely to be limited within non-acylated units
Further useful information about the lignin c-acylation status, an important feature of grass cell walls, was provided by DFRC (Lu and Ralph, 1999; Petrik et al., 2014) . Interestingly, our analysis determined that the enrichment of H lignins in our C3 0 H-KD rice had been provoked preferentially at the expense of non-acylated G and S units rather than that of c-p-coumaroylated G and S units (Tables 2 and S4 ). It was also found that the augmented H units in our C3 0 H-KD rice lignins were mostly non-acylated (Tables 2 and S4) . Lignin c-acylation in grass cell walls mainly arises from incorporation of c-p-coumaroylated monolignols into the lignin. c-p-Coumaroylated monolignols are synthesized via acylation of monolignols catalyzed by a grass-specific acyltransferase, PMT (Figure 1 ), using pCA-CoA as an acyl donor (Withers et al., 2012; Petrik et al., 2014) . Previous biochemical studies showed that rice PMT (OsPMT) has sufficient catalytic activity in the acylation of p-coumaryl alcohol to produce p-coumaryl pCA as a monomer conjugate for the formation of p-coumaroylated H lignin units (Withers et al., 2012) . Therefore, rice has an inherent ability to produce p-coumaroylated H lignins when local concentrations of p-coumaryl alcohol substrate are sufficient at the time and place that pCA is available for PMT. It is currently unknown why most of the enrichment of H units was apparently limited to non-acylated lignin units and why c-p-coumaroylated G and S units remained fairly abundant in C3 0 H-KD rice lignins. Although further studies are required to provide any conclusive evidence of temporal and/or spatial explanations, our results may suggest the existence of C3 0 H-independent pathway(s) associated with the formations of grass-specific c-p-coumaroylated lignins (Figure 1 ).
C3
0 H-downregulated rice is remarkably reduced in wall cross-linking ferulates
Another intriguing discovery in this study was that downregulation of C3 0 H also resulted in a drastic reduction in wall-bound FAs, providing evidence that C3 0 H is required not only for the supply of G-and S-lignin monomers but also for that of wall-bound FAs. As already mentioned, the majority of FAs incorporated into grass cell walls are esterlinked to arabinoxylans Hatfield et al., 2017) , whereas a small portion also occur on lignins (Karlen et al., 2016) . Feruloylations on arabinoxylans and lignins are both supposed to occur via the action of BAHD acyl-CoA transferases using feruroyl-CoA (FA-CoA) as an acyl-donor (Karlen et al., 2016; de Souza et al., 2018) . Therefore, the reduction of wall-bound FAs in our C3 0 H-KD rice cell walls is probably a consequence of the truncation of the cinnamate/ monolignol pathway that supplies FA-CoA, not only for the formation of monolignols but also for the formation of wallbound FAs (Figure 1 ). Upon lignification, FAs on arabinoxylans individually cross-couple with each other as well as with monolignols and growing lignin polymers, and covalently cross-link grass cell walls . Attempts to identify and modify genes to reduce the formation of wallcross-linking FAs have been pursued, in particular because such cross-linking between hemicelluloses and lignins is considered to have a negative affect on forage quality as well as the production of fermentable sugars from grass biomass (de Oliveira et al., 2015; Hatfield et al., 2017) . Only recently has a specific BAHD acyl-CoA transferase been implicated in the feruloylation of arabinoxylans in the model grass Setaria viridis (de Souza et al., 2018) . Our study firmly establishes that downregulation of C3 0 H can be an effective way not only to manipulate lignins but also to reduce wall-cross-linking FAs in grass cell walls.
Downregulation of C3
0 H can be beneficial for a grass biorefinery Our C3 0 H-KD rice displayed remarkably enhanced enzymatic saccharification efficiency, which can be attributed to multiple factors associated with the altered cell walls discussed above. First, as mentioned above, the reductions in wall-cross-linking FAs should positively affect the saccharification of C3 0 H-KD rice cell walls, logically by reducing interactions between polysaccharides and lignins. In fact, previous studies with artificial cell wall models (Grabber et al., 1998a (Grabber et al., ,b, 2009 ) and with plants harboring various levels of FA (Lam et al., 2003; Piston et al., 2010; Buanafina et al., 2016; Reem et al., 2016; de Souza et al., 2018) have shown negative correlations between the abundance of wall-bound FAs and the degradability of grass cell walls. On the other hand, enriched H lignins themselves might also affect cell wall recalcitrance. It was reported that the Arabidopsis med5a med5b ref8 mutant containing exclusively H lignins displayed a significantly enhanced saccharification efficiency even though the mutant had a wild-type lignin level (Bonawitz et al., 2014; Shi et al., 2016) . Although it remains unclear how H lignin boosts cell wall saccharification, a recent structural study using X-ray microdiffraction suggested that the orientation and order of cellulose fibrils were disrupted in the med5a med5b ref8 mutant cell walls and that such loss of cellulosic order might allow more efficient cell wall degradation (Liu et al., 2016) . Furthermore, although the impact of C3 0 H deficiency on the total lignin content in rice remains unclear (see above), the reduced lignin content in the culm of our C3 0 H-KD rice (as determined by Klason lignin analysis) could also contribute to an improved saccharification efficiency. Enhanced saccharification in lignin-depleted cell walls has been well documented in the literature. With rice, our group has reported reduced biomass recalcitrance for CAD- (Koshiba et al., 2013a) , CAldOMT- (Koshiba et al., 2013b) and FNSII-downregulated (Lam et al., 2017) rice plants which all displayed decreased lignin content.
Besides enhancing the production of fermentable sugars from biomass, simplification of lignin aromatic structures through manipulation of C3 0 H or other lignin biosynthetic genes associated with lignin monomer composition may find beneficial applications in converting lignins into lignin-based solid fuels or valuable aromatic materials (Rinaldi et al., 2016; Koshiba et al., 2017; Umezawa, 2018) . For example, a decrease in the degree of lignin methoxylation contributes to an increase in the carbon/oxygen ratio of the biomass and leads to greater release of heat energy upon biomass combustion (White, 1987; Silva et al., 2012; Saidi et al., 2014; Takeda et al., 2017; Umezawa, 2018) . Lignins enriched in H units could therefore be suited to solid biofuel applications or to producing less functionalized monomers. To further explore the applicability of the regulations of C3 0 H expression to engineering grass cell walls for the future biorefinery, a more comprehensive analysis of the relationship between C3 0 H suppression and plant growth performance under various stress conditions should be carefully performed. In addition, more detailed studies of C3 0 H-associated metabolism in rice, and the differences between that in eudicots and other monocots, as well as the physical and chemical properties of the modified lignocellulose, are worth considering.
EXPERIMENTAL PROCEDURES Bioinformatics
Protein sequence data were retrieved from the Cytochrome P450 homepage (Nelson, 2009) or Phytozome (Goodstein et al., 2012) . Sequence alignment and phylogenetic analysis were performed using Clustal X2 (Larkin et al., 2007) and NJ plot (Perri ere and Gouy, 1996) . Microarray-based gene expression data were retrived from the Rice Expression Profile Database (RiceXPro) (Sato et al., 2013) .
Generation of transgenic rice plants

OsC3
0 H1-KD and OsC3 0 H1-KO rice plants were generated by RNAi and CRISPR/Cas9 (Mikami et al., 2015) approaches, respectively, and grown in a greenhouse or in a growth chamber, as described previously (Koshiba et al., 2013b; Lam et al., 2017) and as further described in Materials and Methods S1. Oligonucleotides used for vector construction, genotyping, offtarget analysis, and gene expression assay are listed in Table S1 .
Cell wall analysis
Preparation of transverse cross sections and phloroglucinol-HCl staining were performed as described in Materials and Methods S1. Extractive-free CWRs for chemical analysis were prepared according to Yamamura et al. (2012) and further processed for NMR analysis according to Mansfield et al. (2012) and Tobimatsu et al. (2013) as described in Materials and Methods S1. Klason lignin assay (Hatfield et al., 1994) , thioglycolic acid lignin assay (Suzuki et al., 2009) , thioacidolysis (Yamamura et al., 2011; Yue et al., 2012) , DFRC Regner et al., 2018) , DFRCPr (Karlen et al., 2017) , determination of cell-wall-bound pCA and FA content (Yamamura et al., 2012) , and amorphous and crystalline neutral sugar composition analysis (Lam et al., 2017) were performed largely according to literature methods and as further described in Materials and Methods S1. Analytical parameters and multiple reaction monitoring (MRM) parameters used for DFRC analysis are shown in Tables S6 and S7 .
Two-dimensional NMR spectroscopy
NMR spectra were acquired on a Bruker Biospin Avance III 800US system (Bruker Biospin, https://www.bruker.com/) equipped with a cryogenically cooled 5-mm TCI gradient probe. Adiabatic HSQC NMR experiments were carried out using standard implementation (hsqcetgpsp.3). The detailed NMR methods used were largely as described previously (Kim and Ralph, 2010; Mansfield et al., 2012; Lam et al., 2017; Tarmadi et al., 2018) and as further described in Materials and Methods S1. The relative HSQC NMR contour intensities listed in Figure 5 (b) and (c) are expressed on an ½S + G + ½H = 100% and an I + I 0 + II + II 0 + ½III + ½III 0 = 100% basis, respectively.
Enzymatic saccharification assay
Enzymatic saccharification efficiency was determined by the method described previously . Briefly, CWRs were destarched and subjected to enzymatic hydrolysis with an enzyme cocktail of Celluclast, Novozyme 188, and Ultraflo L (Novozymes, https://www.novozymes.com/) in a sodium citrate buffer (pH 4.8) at 50°C. The glucose concentration at each incubation time point was determined with a Glucose CII test kit (Wako Pure Chemicals Industries, https://labchem.wako-chem.co.jp) according to manufacturer's instructions.
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